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摘要    病毒是地球上丰度最高的生命形式, 广泛分布于包括深部生物圈在内的各种环境中. 病毒通过侵染微生




向提出建议, 以期促进深部生物圈病毒学科的发展.  











生命 , 甚至一些大的病毒也可以被病毒侵染 [4,5]. 病
毒对细菌的裂解作用是造成海洋细菌死亡的重要因

















1  深部生物圈病毒的生态特性 
1.1  深部生物圈病毒的丰度 
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图 1  深部生物圈病毒研究采样点. 航次(站位): ODP Leg 169S(1033B和 1034B)[9]; IODP 307(U1317)[10]; ODP Leg 201(1225, 1226, 1227, 1228, 
1229, 1230 和 1231)[11]; IODP 329 (U1365, U1366, U1367, U1368, U1369, U1370 和U1371), IODP 323(U1344)[13]; ODP Leg 204(1251), IODP 
308(U1320A和U1320B)[12]; IODP 327(1364A和 1362B)[14]. 采用Ocean Data View(ODV)软件绘图 
Figure 1  Sampling sites for virus research in deep biosphere. Voyage(Sites): ODP Leg 169S(1033B, 1034B)[9]; IODP 307(U1317)[10]; ODP Leg 
201(1225, 1226, 1227, 1228, 1229, 1230, 1231)[11]; IODP 329(U1365, U1366, U1367, U1368, U1369, U1370, U1371), IODP 323(U1344)[13]; ODP Leg 
204(1251), IODP 308(U1320A, U1320B)[12]; IODP 327(1364A, 1362B)[14]. Picture made by Ocean Data View(ODV) 
行了计数(ODP Leg 169S), 发现在深达100 m以下的
沉积物中类病毒颗粒(virus-like particle, VLP)丰度也
可达到109 VLP/g, 且病毒丰度与微生物丰度显著相





4 mbsf(meters below seafloor)的1.0×108 VLP/cm3, 3.8× 
106 细胞/cm3到深部96 mbsf的4.9×106 VLP/cm3, 9.8× 
105 细胞/cm3. ODP Leg 201中, 在秘鲁边缘和东赤道
太平洋地区海底沉积物样品中(深至320 msbf), 病毒
丰度高达1.6×106~5.7×108 VLP/cm3[11]; 来自西北太
平洋Shimokita Peninsula近海深部沉积物样品 (0.9~   
363 mbsf)中病毒丰度为1.6×104~7.6×106 VLP/cm3[12]; 
IODP航次Leg 323, 白令海峡陆坡沉积物中病毒丰度
随深度的增加 (7.5~288 mbsf)而减少 , 范围在1.01× 
108~7.16×105 VLP/cm3. IODP 329航次中, 寡营养的




在东北太平洋的Juan de Fuca Ridge东部的大洋基底






约为2×1030 VLP[15]. 综合仅有的几篇研究表明 , 与
原核生物细胞一样, 病毒也广泛分布于深部生物圈, 
且具有较高的丰度 , 丰度范围为104~1010 VLP/cm3, 
一般随深部的增加呈降低趋势 , 不同深部环境病毒
丰度随深度的变化不一(图2).  
1.1.2  深部生物圈病毒丰度与宿主丰度的关系 







在 深 部 生 物 圈 中 ,  已 报 道 最 低 的 V P R 值 为
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图 2  深部生物圈病毒丰度(a), 原核生物丰度(b), VPR(c)的垂直分布图. 数据来源: 棱形代表中国珠江口表层沉积物数据[16]; ODP Leg 201[11]; 
IODP Exp 329, IODP Leg 323[13]; ODP Leg 204, U1320A, U1324B, C9001[12]; IODP 327[14] 
Figure 2  Abundance of viruses (a) and prokaryotes (b) and VPR (c) in deep biosphere. Data from that surface sediment of the Subtropical Pearl River 
Estuary(diamond)[16], ODP Leg 201[11], IODP Exp 329, IODP Leg 323[13], ODP Leg 204, U1320A, U1324B, C9001[12], IODP 327[14] 
宿主的活动有利于那些不被噬菌体侵染的原核生物类
群的繁殖, 从而降低了VPR值. 此外, 病毒在深部生
物圈的生存策略, 尤其是溶源性感染, 对其中的微生
物群落和病毒生产都有重要的影响, 进而影响VPR值.  
为数不多的进行了病毒丰度调查的深部环境各





主裂解率. 图2(c)中, ODP Leg 204, U1320A, U1324B














处理过程简单 , 与透射电子显微镜法 (transmission 
electron microscopy, TEM)及流式细胞计数法 (flow 
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(如病毒动力学和裂解的重要性)时需要十分谨慎.  














































1.2  深部生物圈病毒的多样性 




果表明, 海洋浮游病毒的大小通常在20~200 nm, 其
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图 3  玄武岩地壳热液流中的病毒形态. 钻孔U1362A样品获得的病毒电子显微镜照片(a~h), 包括相似有尾病毒目病毒(a和b), 无尾病毒(c), 相
似于双尾病毒科或纺锤病毒科的柠檬状病毒(d), 相似于古病毒科的棒状病毒(e), 相似于分离自古菌的丝状病毒(f)和纺锤形病毒(g), 以及在病
毒大小范围内重复观察到的二分裂结构(h), 二分裂结构不同于任何已分类的病毒形态, 可能是新型病毒或是囊泡. 标尺长度为 100 nm[14] 
Figure 3  Morphologies of viruses observed in basalt-hosted crustal fluid. (a–h) Electron micrographs of particles harvested from borehole U1362A 
revealed tailed viruses similar to members of the order Caudovirales (a and b), untailed viruses (c), lemon-shaped viruses resembling members of the 
family Bicaudaviridae or Fuselloviridae (d), rod-shaped viruses resembling members of the family Rudiviridae (e), and other particles resembling 
filamentous (f) or spindle-shaped (g) viruses isolated from Archaea. Bilobate structures in the viral size range (h) were repeatedly observed, but they 




和 双 尾 病 毒 科 (Bicaudaviridae) 的 古 菌 病 毒 在 0~30 
mbsf沉积物都有分布 [24]. 在2.5 km深的页岩气压裂







的 细 菌 基 因 组 匹 配 [25]. 海 底 地 下 热 液 (528 和 359 
msbf)的宏基因组分析发现了多种多样侵染古菌和细
菌的病毒类群 , 主要包括有尾病毒目和dsDNA病毒






1.3  深部生物圈病毒的生活方式及活性 
病毒的生存必须依靠宿主细胞 , 通过侵染宿主
并利用其胞内的能量和物质进行繁殖 , 病毒的生活










生产. 在深部沉积物(159 mbsf)中, 通过宏转录组分
析也检测到了指示病毒生产活动的代表性病毒同源
物(representative viral homologues, RVHs)[24]. 这些研
究都表明病毒群落在深部生物圈中可能具有很高的
活性, 但是目前还没有这些病毒活性的实测数据.  
在不利于宿主群落生长的环境 , 病毒更倾向选
择溶源性 . 例如水体环境中病毒溶源性主要出现在
冬季月份 , 即微生物活性较低的季节 [27]. 已有研究
表明溶源性是深部生物圈病毒的重要生活方式 , 有
助于病毒适应宿主数量相对较少、活性较低的深部生
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沉积物(ODP Leg 201)各层位样品中, 温和型噬菌体
占所有病毒丰度的14.3%, 这也说明溶源现象是深部
病毒群落的主要繁殖模式.  







































性免疫过程 , 病毒通过自上而下(top-down, 如侵染
并裂解宿主 )和自下而上 (bottom-up, 如裂解宿主并
释放细胞内含物 )同时控制压裂液中的微生物群





体密切相关[31]. 总之, 在极端的深部环境中, 病毒通
过裂解和溶源途径 , 不仅帮助和促进宿主的代谢活











的[26]. 此外, 有研究发现在深海表层沉积物中(1000~ 
10000 m水深)病毒对古菌的侵染率大于对细菌的侵染
率, 在0~50 mbsf的海洋沉积物, 古菌丰度占原核生物
总丰度的12%, 而被病毒裂解的原核生物总生物量中, 
古菌的贡献高达1/3, 导致了全球每年约0.3~0.5 Gt 


















据估计, 全球总生物量为550 Gt C, 其中分布在深部
生物圈约为70 Gt C, 在地球上细菌和古菌的总生物
量分别约为70和7 Gt C, 超过80%分布在深部生物




循环的强大推动力. 除此之外 , 如果按照单个病毒
粒子的含碳量平均为0.02 fg C计算, 深部生物圈病毒
可谓一个量级可观的碳库, 约为0.14 Gt C[15], 在深
部生物圈的碳、氮、磷循环中可能占有重要地位[39], 
然而由于研究方法的限制, 相关研究十分有限. 
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Summary for “深部生物圈病毒研究进展与展望” 
Viruses in the deep biosphere: A review 
Hong Chen, Lanlan Cai, Nianzhi Jiao* & Rui Zhang* 
State Key Laboratory of Marine Environmental Science, College of Ocean and Earth Sciences, Institute of Marine Microbes and Ecospheres, Xiamen 
University, Xiamen 361102, China 
* Corresponding authors, E-mail: jiao@xmu.edu.cn; ruizhang@xmu.edu.cn 
Viruses, the most abundant biological entities on the planet, are widely distributed in various environments, including the 
deep biosphere. Via infection, which is frequently followed by lysis of the host cells, viruses play an important role in 
shaping microbial population structure, impacting the ecological characteristics of their hosts, and breaking up cellular 
biomass into organic matter, thereby affecting microbial processes and nutrient cycling. Because of these activities, vi-
ruses are known as nano-scale drivers of global-scale processes. The deep biosphere, extending hundreds to thousands of 
meters below the seafloor, harbors by far the largest reservoir of organic carbon and more than half of the world’s pro-
karyotic organisms. However, it remains a “black box” in terms of the ecological characteristics and functions of its resi-
dent viruses. To date, only a few studies on viruses in the deep biosphere have been reported, and these mainly originate 
from the Ocean Drilling Program (ODP) and the Integrated Ocean Drilling Program (IODP). The limited results of these 
studies show that the abundance of viruses in the deep biosphere is much greater than that in marine environments 
(108–109 viruses g−1 in sediments versus 106–108 viruses mL−1 in seawater). In general, viral abundance decreases with an 
increase in depth, but the Virus-to-Prokaryote Ratio, which is used to predict the relationship between viral and prokary-
otic communities, varies greatly among different deep habitats. Viral abundance is affected not only by in situ viral pro-
duction and decay, processes that are usually tightly linked to the productivity of microbial hosts and the activity of ex-
tracellular enzymes, but also by the physical, chemical, and geological characteristics of the environment, including tem-
perature, total organic carbon content, sediment porosity, and sedimentation rate, amongst other factors. In addition, virus 
assemblages in the deep biosphere appear to be both morphologically and genetically more diverse than their aquatic 
counterparts. Highly diverse morphotypes and unknown virus sequences indicate that there is a huge uncharacterized 
viral pool in the deep biosphere, which could represent a treasure trove for the future discovery of novel viruses and life-
style mechanisms. In addition, analyses of prophage sequences deduced from prokaryotic genomes imply that lysogenic 
infection should be an important life strategy for viruses, making them more adaptable to the dynamic, and often ex-
treme, deep biosphere environment. These findings have important implications for the potential interactions between 
viruses and their hosts and for the vital role of viruses in manipulating microbial community structure and evolution in 
the deep biosphere. However, technical difficulties, which have only recently been at least partially overcome, have lim-
ited our ability to study these elusive viruses. The fact is that we have barely begun to characterize the deep virosphere, 
which is the “dark matter” of the biological world and a tremendous source of future discoveries. The questions of what 
role viruses play in the deep biosphere, whether and to what extent viruses drive the metabolic functioning and evolution 
of microbial populations, and how virus populations adapt to deep environments are still open and answering them will 
require significant amounts of work. The purpose of this review is, therefore, to provide an overview of the current 
knowledge about viruses (e.g., distribution, diversity, and life cycles) in the deep biosphere. The relationships of viruses 
with microbial hosts and environmental parameters and the potential ecological importance of viruses in the deep bio-
sphere are discussed. Finally, we put forward some suggestions regarding areas of research that need to be addressed in 
the future to establish a more complete picture of the ecological and evolutionary significance of viruses in the biosphere. 
deep biosphere, Integrated Ocean Drilling Program, virus, ecological function 
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